Although the data discussed above indicate that critical for memory formation. However, generation of memory formation may depend upon synapse-specific cAMP signals within an optimal range for memory may increases in cAMP, other studies suggest that inhibition require a balance between stimulatory and inhibitory of adenylyl cyclase activity may be just as important for mechanisms. The role of adenylyl cyclase inhibitory memory as stimulatory mechanisms. For example, the mechanisms for memory has not been addressed. One learning and memory defect of the Drosophila mutant of the mechanisms for inhibition of adenylyl cyclase dunce is due to a decrease in cAMP phosphodiesterase is through activation of G i -coupled receptors, a mechactivity (Byers et al., 1981). In Drosophila, expression of anism that could serve as a constraint on memory a constitutively active form of G s␣ (Connolly et al., 1996) formation. Here we report that ablation of G i␣1 by gene that elevates adenylyl cyclase activity also causes memdisruption increases hippocampal adenylyl cyclase ory defects. Collectively, these studies in Drosophila activity and enhances LTP in area CA1. Furthermore, suggest the interesting possibility that memory formagene ablation of G i␣1 or antisense oligonucleotidetion depends upon a balance between mechanisms for mediated depletion of G i␣1 disrupted hippocampusincreasing and decreasing cAMP. dependent memory. We conclude that G i␣1 provides One of the primary mechanisms for inhibition of adea critical mechanism for tonic inhibition of adenylyl nylyl cyclase activity in animals is via G i -coupled recepcyclase activity in the hippocampus. We hypothesize tors. The objectives of this study were to determine that loss of G i␣1 amplifies the responsiveness of CA1 which of the three G i␣1 isozymes is important for attenuapostsynaptic neurons to stimuli that strengthen synaption of adenylyl cyclase activity in the hippocampus and tic efficacy, thereby diminishing synapse-specific plasto evaluate the role of this inhibitory mechanism for ticity required for new memory formation.
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hippocampus-dependent memory. Our data identify G i␣1 as a major contributor to inhibition of adenylyl cyclase Introduction in the hippocampus. Furthermore, we show that the specific loss of G i␣1 causes defects in contextual, pasLong-term memory (LTM) depends on the convergence sive avoidance, and novel object recognition memory of diverse signal transduction pathways that mediate but enhances Schaffer collateral CA1 LTP. These data changes in gene expression and increased synaptic effiillustrate that hippocampus-dependent memory depends cacy (for reviews see Kandel, 2001 Figure 1A) . The individual components of the toxin, the enzymatically active A protomer, which by itself canTo assess the role of G i␣1 in hippocampus-dependent LTM, the mouse G i␣1 gene was disrupted using a tarnot penetrate the cell membrane, and the B oligomer, which facilitates the toxin's entry into the cell, had no geting construct containing a neomycin cassette spliced into exon 3 (Figure 2A) . The ablation of G i␣1 was coneffect on passive avoidance LTM ( Figure 1A) . Additionally, pertussis toxin injection into CA3 of the hippocamfirmed by Southern ( Figure 2B ) and Western ( Figure 2C ) analysis. Adenylyl cyclase activity in hippocampal mempus failed to disrupt passive avoidance LTM, although it was lowered somewhat. This suggests that the defect branes from G i␣1 Ϫ/Ϫ and G i␣1 ϩ/Ϫ mice was increased approximately 2-fold relative to wild-type mice ( Figure 2D ), in memory formation occurs via inhibition of pertussis toxin-sensitive G proteins and not through other cellular indicating that G i␣1 -coupled receptors provide tonic inhibition of hippocampal adenylyl cyclase activity. The obeffects attributed to the toxin or its components. Furthermore, inhibition of LTM was relatively specific to servation that heterozygotes showed comparable adenylyl cyclase activity as the homozygotes reflects the area CA1 and did not occur when pertussis toxin was administered to area CA3 of the hippocampus. Delivery fact that G i␣1 is in stoichiometric excess over adenylyl cyclase catalytic subunits. Furthermore, the hippocamof pertussis toxin to area CA1 also inhibited LTM for contextual learning ( Figure 1B types, data not shown), and brain morphology appeared to be normal (data not shown). Consequently, it is not clear from these pertussis toxin experiments which G protein or combination of G proBoth G i␣1 ϩ/Ϫ and G i␣1 Ϫ/Ϫ mice exhibited a partial defect in memory for passive avoidance training measured 24 teins is important for passive avoidance and contextual memory formation. However, we found that pertussis hr after training ( Figure 3A ). After 8 days, G i␣1 Ϫ/Ϫ mice showed no memory for passive avoidance training. The toxin administration to area CA1 reduced G i␣1 protein without affecting the amount of G i␣2 or G i␣3 ( Figure 1C) . fact that mutant animals lacking one copy of the G i␣1 gene have deficits in passive avoidance memory is conAlthough it is not clear why G i␣1 protein levels were specifically reduced, ribosylated G i␣1 protein may be sistent with the significant reduction of G i␣1 in heterozygous mice ( Figure 2C ). It is unclear why heterozygotes more susceptible to proteases than the other G-coupling proteins. Western analysis indicated that G i␣1 is exshowed intermediate behavioral phenotypes while adenylyl cyclase activity was reduced to a comparable expressed predominantly in the brain and to a lesser extent in the kidney ( Figure 1D) . In contrast, G i␣2 and G i␣3 show tent in heterozygotes and homozygotes. Adenylyl cyclase activities were measured in whole hippocampus a much broader tissue distribution, although all three SEM (n ϭ 9 ϩ/ϩ, 13 ϩ/Ϫ, 7 Ϫ/Ϫ), **p Ͻ 0.01 compared to wild-(D) Adenylyl cyclase activity is increased in the hippocampus of type controls.
G i␣1
ϩ/Ϫ and G i␣1 Ϫ/Ϫ mice. Pooled hippocampal tissue isolated from Mice were trained for passive avoidance and contextual fear memlittermates were prepared and assayed for membrane adenylyl cyory as described in Experimental Procedures. clase activity as described in Experimental Procedures. Error is expressed as ϮSD, with n ϭ 5 for each, **p Ͻ 0.01. and heterozygote animals also exhibited normal memory for cued auditory training and cued memory extincextracts, and it seems likely that adenylyl cyclase activities within subregions of the hippocampus of heterozytion ( Figure 5 ). The fact that cued memory is normal in G i␣1 ϩ/Ϫ and G i␣1 Ϫ/Ϫ mice indicates that the mutant mice gous and homozygous mice may be different since the distribution of G i -sensitive adenylyl cyclases varies exhibit shock sensitivity comparable to wild-type mice. Collectively, these data indicate that loss of G i␣1 perturbs within the hippocampus. Heterozygous and homozygous mice showed similar freezing behavior as wild-type several hippocampus-dependent forms of LTM, including contextual, passive avoidance, and novel object reclittermates immediately after foot shock was presented, which suggests normal perception of the stimulus and ognition. Normal spatial memory with G i␣1 ϩ/Ϫ and G i␣1 Ϫ/Ϫ mice implies that unregulated cAMP signaling disrupts intact short-term memory (p Ͻ 0.01 post-versus preshock for all genotypes p Ͼ 0.96 between genotypessome but not all memory encoding pathways in the hippocampus. data not shown). G i␣1 Ϫ/Ϫ mice also had defects in memory for contextual training (Figure 3B ), while G i␣1 ϩ/Ϫ mice The memory defects exhibited by the G i␣1 Ϫ/Ϫ mice may be a result of some unobserved peripheral defect; howexhibited an intermediate but statistically nonsignificant phenotype. ever, they show normal spatial and cued memory which depend upon visual acuity and shock sensitivity, respecMemory for object recognition, another form of hippocampus-dependent memory, was compromised in tively. To address this issue, we also depleted G i␣1 using antisense oligodeoxynucleotides (asODN) bilaterally in-G i␣1 ϩ/Ϫ and G i␣1 Ϫ/Ϫ mice ( Figure 4A ). In contrast, spatial memory, assessed by the Morris water maze, was norjected into area CA1 of the hippocampus in wild-type mice. Penetration of the oligonucleotide into hippocammal for G i␣1 ϩ/Ϫ and G i␣1 Ϫ/Ϫ mice ( Figure 4C ). Homozygote Ϫ/Ϫ mice. After training for cued conditioning, mice were exposed to the conditioning tone once a day for 6 days without a paired shock and freezing behavior was recorded. Mice were trained for auditory cued learning as described in Experi- ., 2000) . Disruption of the G i␣1 gene had no effect on paired-pulse facilitation, asODN increased basal adenylyl cyclase activity approximately 2-fold compared to neurons treated with a form of short-term plasticity and a measure of presynaptic function ( Figure 7A ). Additionally, input-output the scrambled oligonucleotide control ( Figure 6B ). When asODN was administered to area CA1 of mice, G i␣1 proanalysis showed no difference between genotypes in slope to fiber volley ratio ( Figure 7B ). In wild-type mice, tein was significantly reduced (Figure 6C) , and memory for context was impaired compared to mice that rea single 100 hz HFS induced E-LTP ( Figure 7C ) that decayed to baseline approximately 90 min after tetanic ceived scrambled ODN as a control ( Figure 6D ). These data support the hypothesis that G i␣1 plays a pivotal stimulation. In contrast, the same stimulus elicited persistent L-LTP in hippocampal slices from G i␣1 ϩ/Ϫ or Gi ␣1
Ϫ/Ϫ role in signaling mechanisms mediating hippocampusdependent memory formation. mice lasting for at least 3 hr ( Figure 7C) . As in the LTM Figure 8A ). This supports the hypotheAlthough the studies cited above indicate that synapsesis that elevated adenylyl cyclase activity stimulates specific increases in cAMP contribute to enhanced syndownstream signaling components that promote L-LTP aptic efficacy and support hippocampus-dependent in the hippocampus. This interpretation is further supmemory formation, the importance of adenylyl cyclase ported by the observation that E-LTP in wild-type mice inhibitory mechanisms for memory formation had not can be converted to L-LTP by application of 2.0 M been evaluated. Based on the published literature, one forskolin to hippocampal slices prior to stimulating with might expect that G i serves as a constraint on learning a single train of HFS ( Figure 8B ). Two M forskolin was and memory since it opposes cAMP formation in the used in this experiment because it increases adenylyl hippocampus. On the other hand, tonic suppression of cyclase activity in hippocampal neurons 2-fold, approxiadenylyl cyclase activity in the hippocampus may be mately the same increase caused by disruption of the required to allow an appropriate cAMP signaling differ-G i␣1 gene ( Figure 2D) . Although forskolin at higher conential when specific synapses are activated. Furthercentrations can cause an increase in the field excitatory more, chronic increases in cAMP have the potential to postsynaptic potentials, which mimics HFS-evoked LTP, the concentration used in this experiment was insuppress specific signaling pathways, including the PI3 sufficient to generate long-lasting "chemo-LTP." kinase pathway (Poser et al., 2003) , which is required for the expression of synaptic plasticity (Sanna et al., 2002) . The objectives of this study were to determine if Discussion adenylyl cyclase activity in the hippocampus is tonically suppressed through G i -mediated inhibition and to evaluGenetic approaches using flies and mice illustrate the importance of the cAMP signal transduction pathway in ate the importance of this inhibitory mechanism for memory. Does the reduction or ablation of G i activity mechanisms, and the ensuing enhancement of synaptic in the hippocampus enhance or inhibit hippocampusefficiency is needed for both processes. Alternatively, dependent memory formation? since we did not observe a defect in spatial memory, it is Our data indicate that adenylyl cyclase activity in the possible that the unrestrained activation or potentiation hippocampus of mice is normally restrained by G i␣1 -observed with G i␣1 mutants only affects certain types of coupled inhibitory receptors, since basal adenylyl cyhippocampus memory formation. clase activity increased approximately 2-fold when the In summary, hippocampus-dependent memory for-G i␣1 gene was ablated. In contrast, there was very little mation depends upon a critical balance between mecheffect on Ca 2ϩ -stimulated adenylyl cyclase activity, preanisms for stimulating and inhibiting adenylyl cyclase sumably because AC8 is not inhibited through G i -couactivity. In this study, we identified one of the G i isopled receptors in vivo (Nielsen et al., 1996) . Consequently, zymes, G i␣1 , as a crucial component of the signaling the cAMP differential caused by synapse-specific acticomplex required for memory. We hypothesize that vation of adenylyl cyclases is actually lowered in G i␣1 
